In adult patients with ESRD, calcific uremic arteriolopathy (CUA) is an uncommon but life-threatening complication. No effective therapy exists, although anecdotal case reports highlight the use of sodium thiosulfate (STS), a calcium-chelating agent with antioxidant properties. CUA is rare in children, and STS use has not been reported. The objective of this study was to determine the influence of STS treatment on three patients with CUA in a pediatric chronic dialysis unit. The patients were between 12 and 21 yr of age; two were male; and primary diagnoses were obstructive uropathy, renal dysplasia, and calcineurin nephrotoxicity. Time from ESRD to CUA diagnosis was 1, 9, and 20 yr. Diagnosis was made by tissue biopsy and three-phase bone scan. Pain was the presenting symptom. Initial treatment included discontinuation of calcitriol and use of non-calciumbased phosphate binders and low-calcium dialysate concentration. STS dosage was 25 g/1.73 m 2 per dose intravenously after each hemodialysis session. For optimization of removal of calcium deposits, patient three received a combination of STS and continuous venovenous hemofiltration for the first 10 d. All patients demonstrated rapid pain relief. Within weeks, skin induration and joint mobility of the extremities improved. Radiographic evidence of reduction in the calcium deposits occurred within 3 mo of initiation of STS. The only complication was prolonged QT interval in one patient as a result of hypocalcemia, who was resolved by use of a higher dialysate calcium concentration. STS seems well tolerated in children and young adults with CUA and has mild adverse effects. For determination of its efficacy, optimum dosage, duration of therapy, and dialysis modality, controlled trials are needed.
O
nce considered rare, calcific uremic arteriolopathy (CUA) has been reported to occur in as high as 4% of dialysis populations (1) . This often life-threatening condition, also known as calciphylaxis, represents a small-vessel vasculopathy that is characterized by intimal proliferation, endovascular fibrosis, and medial wall calcification, which result in ischemia and necrosis most commonly of the skin and subcutaneous tissues. The cause of CUA is not understood, which makes treatment not only difficult but also empirical. Risk factors, including disorders of calcium-phosphate homeostasis and treatment with parathyroidectomy and noncalcium-based phosphate binders and use of low-calcium dialysate, have been the focus of study in patients with ESRD. However, the overall benefit of these strategies in most patients still is low, and the mortality from CUA remains elevated (1) .
Intravenous sodium thiosulfate (STS) has been used successfully in three individual case reports in the treatment of hemodialysis and peritoneal dialysis patients with severe CUA (Table 1) (2) (3) (4) . STS is an antioxidant agent and a chelator of cations (e.g., calcium) and initially was used as an antidote for cyanide and cisplatin toxicity. The antioxidant properties may help restore endothelial cell dysfunction and promote vasodilation. Furthermore, the enhanced aqueous solubility of calcium thiosulfate allows for successful mobilization and clearance of the vascular and soft tissue calcium deposits (5) . In children, the incidence of CUA is not known, and there are very few reported cases (6) . We report our experience in the use of STS to treat CUA in three patients with ESRD in our chronic pediatric hemodialysis unit. To our knowledge, there are no published case series on the treatment of CUA with STS or any reports involving pediatric or young adult patients.
Materials and Methods
CUA was diagnosed histologically in one of the patients and confirmed radiologically with nuclear medicine bone scan examination in all three patients. STS 25% solution (American Reagent Laboratories, Shirley, NY) was administered at a dosage of 25 g/1.73 m 2 per dose over 60 min after each hemodialysis session three times per week. Hemodialysis was performed using a high-flux polysulfone hemodialyzer (Fresenius, Lexington, MA). One of the patients received initial therapy with STS and continuous venovenous hemofiltration (CVVH) using a Diapact device (B. Braun, Bethlehem, PA) for 10 d followed by daily hemodialysis for 15 d.
Patient 1
A 21-yr-old white man developed ESRD at the age of 5 mo as a result of bilateral multicystic dysplastic kidney disease. He had received one living-related and two deceased-donor kidney transplants at 27 mo, 7 yr, and 8 yr of age, respectively. The initial transplant failed after 5 yr to chronic allograft nephropathy, the second after 8 d as a result of severe accelerated acute rejection, and the third after 5 d from vascular thrombosis. Initially, the patient received continuous cyclic peritoneal dialysis, but because of recurrent episodes of peritonitis, he was transitioned to hemodialysis. Thrombosis of his arteriovenous fistula prompted a hematologic evaluation for hypercoagulability. A moderately elevated homocysteine level, a low protein C level, and a homozygous defect of methylene tetrahydrofolate reductase were identified, and he was maintained on long-term anticoagulation with warfarin. Because of severe hyperparathyroidism that was refractory to medical therapy, he required parathyroidectomy. Severe hyperphosphatemia was treated with phosphorous diet restriction as well as increasing dosages of the calcium-based binder. However, the calcium-phosphate product reached a level as high as 110 mg 2 /dl 2 and was persistently above 55 mg 2 /dl 2 . After 11 yr on hemodialysis, he began to experience pain and tenderness in both lower extremities, primarily below the knees. The skin of both calves became indurated and hyperpigmented. An area of erythema was noted anteriorly on both legs. No ulcerations were present initially. A skin biopsy revealed increased collagen deposition and thickened subcutaneous fibrous septa with little cellular proliferation most consistent with nephrogenic fibrosing dermopathy. Treatment with daily oral prednisone was ineffective, and the symptoms worsened. During the next few months, he developed an ulcerative lesion on the left lower extremity, and the induration began involving his thighs, forearms, and hands. A radiograph of the forearms demonstrated amorphous calcification in the superficial antecubital regions and linear calcifications affecting the distal left arm, consistent with vessel calcifications. The three-phase bone scan revealed soft tissue accumulation in both lower extremities and forearms, as well as intense uptake in the myocardium, lungs, stomach, and para-articular surfaces, consistent with CUA ( Figure 1 ). Treatment included intravenous STS, change to a non-calcium-based phosphate binder, and use of low-calcium dialysate. A total of 35 STS treatments were administered. The pain significantly improved, and he required low dosages of conventional analgesics. The ulcerative lesion healed within weeks and no new lesions have developed since the STS treatments were discontinued. A repeat three-phase bone scan 3 mo after diagnosis revealed less intense but still considerable calcifications ( Figure 1 ). However, the restriction of movement had not changed significantly.
Patient 2
A 12-yr-old white boy received a diagnosis in utero of posterior urethral valves. A few months after birth, he progressed to ESRD and was initiated on continuous cycling peritoneal dialysis. A deceaseddonor kidney transplantation was performed at the age of 3 yr, and his posttransplantation course was complicated by left femoral vein thrombosis, which was treated with warfarin anticoagulation for several years. He also developed Epstein-Barr virus-mediated posttransplantation lymphoproliferative disorder, which responded well to chemotherapy. As a result of chronic allograft nephropathy, hemodialysis was restarted 9 yr later. At this time, he had developed secondary hyperparathyroidism with an intact parathyroid hormone (PTH) level that rose from 129 to 974 pg/ml. By changing to non-calcium-based phosphorus binder and adding an oral calcimimetic agent, the PTH level decreased to 326 pg/ml. He also developed antibody deficiency that required subcutaneous Ig replacement therapy. After 3 mo on hemodialysis, he began to experience bilateral foot pain that failed to respond to oral analgesics. One month later, indurated cutaneous plaques were noted on both legs, and they progressed to involve most of the left calf and thigh, giving it a woody feel. The area was tender and slightly hyperpigmented, and the patient had significant pain on ambulation that limited his daily activities. Biopsy of the left calf and thigh revealed fat necrosis, septal fibroplasia, and focal interstitial as well as arterial wall calcification favoring the diagnosis of CUA. The three-phase bone scan demonstrated increased uptake along the soft tissue and skin surface of both legs but worse on the left (Figure 2 ). Intravenous STS was initiated as well as use of low-calcium dialysate concentration of 1.5 mEq/L. His ionized calcium decreased to 0.88 mmol/L, and he developed prolonged QT syndrome, which resolved after correction of the hypocalcemia. Clinically, the patient reported less pain on ambulation and no need for analgesics, and repeat bone scans 6 and 9 mo later documented an improvement, with the latter showing only subtle changes of CUA on both calves (Figure 2) . The indurated plaques decreased in size and intensity, although they did not disappear. The STS treatments were discontinued once he was able to ambulate free of pain. He received a total of 92 treatments.
Patient 3
A 21-yr-old white woman with cystic fibrosis had a bilateral lung transplant at the age of 18 yr. She had multiple medical problems, including insulin-dependent diabetes, hypertension, osteoporosis, and recurrent lung infections. Primarily as a result of calcineurin nephrotoxicity, she developed chronic renal failure and required chronic hemodialysis at the age of 20 yr. She developed a superior vena cava thrombosis secondary to placement of a central venous catheter, which required anticoagulation initially with heparin and later warfarin. Construction of an arteriovenous fistula proved difficult, and the patient was noted to have very poor wound healing. Further evaluation for a hypercoagulable condition did not yield any abnormalities. She received hemodialysis at an outside institution but had multiple hospitalizations at our center as a result of the development of bronchiolitis obliterans syndrome. She was malnourished and had hypoalbuminemia. Her degree of secondary hyperparathyroidism was mild with a highest intact PTH of 220 pg/ml. The calcium-phosphate product mostly was below 55 mg 2 /dl 2 , and she required calcium carbonate only intermittently. The patient began experiencing pain in the hands, back, hips, and legs. During one of the hospitalizations, she was noted to have hard, tender subcutaneous plaques on the lower extremities and skin induration with contractures of the hands. The pain was constant and required increasing dosages of analgesics and eventually opiates intravenously. The skin was not erythematous, but some of the lesions developed a violaceous color during the subsequent weeks; however, no ulcers were noted. A biopsy was not done because of the history of poor wound healing. The three-phase bone scan revealed active CUA in both lower extremities and forearms. There also were changes of metastatic calcification in the lungs, myocardium, and kidneys. Because the symptoms were so intense and the skin lesions were progressing, we Figure 1 . (A) Initial three-phase bone scan demonstrating soft tissue accumulation in thighs, distal femur, proximal tibia, and forearms. There is intense uptake in the myocardium and early accumulation in the lungs. (B) Three months later, the calcium deposition in the thighs and forearms is less significant. However, there still is calcification in the heart, lungs, and para-articular surfaces.
initiated therapy with CVVH and STS intravenously every other day for a total of 10 d followed by daily hemodialysis for 15 d. The pain dramatically improved within 24 h, and we were able to titrate and eventually discontinue the intravenous opiates. We then resumed hemodialysis three times a week followed by a total of 40 STS infusions. The skin was softer and less tender, and no ulcers developed. The joint mobility of the hands slowly improved but continued to remain restricted. Three months later, a repeat bone scan demonstrated less intense uptake of the radiotracer in the subcutaneous tissues without changes in the lungs, myocardium, and kidneys.
Discussion
The name calciphylaxis first was used to describe the possible mechanisms involved in organ and soft tissue calcification. In rodents, sensitization with different forms of vitamin D, PTH, and high-calcium and -phosphorous diet followed by a challenge with other factors (including iron, steroids, egg albumin, and trauma) resulted first in inflammation and, later, calcification (7). This concept then was contemplated to occur in patients who were on dialysis and developed extraskeletal calcifications and panniculitis, described a few years later (8, 9) . Although this process is not IgE mediated, the name calciphylaxis is used commonly even though other, more appropriate terms, including CUA or obliterative calcific vasculopathy, have been proposed. We have preferred to use the term CUA throughout this article.
Histologically, the most characteristic lesion is intimal proliferation and endovascular calcification with fibrosis, primarily involving the small arterioles and venules (10) . Although arteriole medial wall calcification is common, it may not be as prominent in some cases. This process leads to the formation of painful subcutaneous nodules and dense plaques with an erythematous or violaceous color that may progress to necrotizing, nonhealing ulcers. The ulcerative lesions become infected, causing septicemia and death. In patients with renal disease, the lesions can be proximal (involving abdomen, thighs, and buttocks) or distal (primarily involving the calves), with the latter having a better prognosis (11) . To avoid the introduction of nonhealing wounds, not all cases of calciphylaxis undergo biopsy. Also, a single biopsy may be negative or unequivocal in the presence of CUA (1) . A bone scan is a noninvasive way to diagnose and monitor the progression of CUA and in some reports has been found to have very high sensitivity (1). Other investigators believe that CUA is diagnosed best by histopathology (12) . In patient 1, the initial skin biopsy findings were consistent with nephrogenic fibrosing dermopathy (NFD), another rare condition that has been reported in one other patient to coexist with CUA (13) . NFD and CUA thus may represent different parts of the same disease spectrum. Before the diagnosis of CUA, our group published the skin findings in this patient as a case of NFD in pediatrics (14) . STS therapy was not administered in this patient until the diagnosis of CUA was established.
Because the mineral that is deposited in these lesions is composed of calcium phosphate (15) , attention has been given to disturbances of calcium and phosphorus in the development of CUA. A review of case-control series in adult patients demonstrated that hyperphosphatemia but not hypercalcemia or hyperparathyroidism was a risk factor in the development of CUA (16) . Two of our patients had significant elevations in the calcium-phosphate product primarily as a result of high phosphorus levels, whereas patient 3 had primarily low phosphorus levels. However, other risk factors, including female gender, white race, hypoalbuminemia, and warfarin use, were present in this patient as well. A recent hypothesis suggested that in these patients, vascular smooth muscle cells transform into osteoblast-like cells, which lay down a bone matrix of type I collagen and noncollagenous proteins. This framework acts as a nidus for mineralization, which results in calcification of the vessel and subsequent ischemia (16) . Although the exact role of calcium in the pathogenesis of CUA is not clear, therapies for CUA have included parathyroidectomy, use of non-calciumcontaining phosphate binders, avoidance of administration of vitamin D analogs, and use of low-calcium dialysate for patients who are on intermittent hemodialysis.
The beneficial effects of STS are thought to be due in part to The successful use of this relatively nontoxic substance has been reported as adjuvant treatment of several conditions involving disorders of calcium homeostasis. Yatzidis (17) described its benefits by decreasing the rate of new stone development in 34 patients with recurrent calcium urolithiasis. Prompted by these excellent results, intravenous STS was administered after hemodialysis to three patients with ESRD and tumoral calcinosis for a period of 6 to 12 mo. Two of the patients had regression of the calcified mass as well as improved motility of the affected joints (20) . STS was given for a period of 9 yr to a patient with nephrocalcinosis as a result of renal tubular acidosis type 1 (21) . There was no further deterioration of his condition, and the discontinuation of the medication was accompanied by recurrence of renal colic. Cicone et al. (2) were the first to report the benefits of STS in one peritoneal dialysis patient with CUA. They noted significant pain relief as well as reduction in the size and the induration of the subcutaneous plaques after a total of 8 mo of treatment. In two patients with severe ulcerative lesions, the use of STS was associated with reduction in pain, reduced inflammation, and improved healing (3, 4) . One of the patients received concomitant therapy with CVVH in an attempt to maintain a constant state of mild hypocalcemia and optimize removal (3) . The only noted adverse effects during the treatment period in two of the patients were mild nausea and vomiting and metabolic acidosis.
Because of the rapid progression of symptoms, we opted to use CVVH and STS in one of our patients. The other two patients received STS after each hemodialysis session. In our experience as well as that of others, the most dramatic change was that of pain relief. This relief was noted in all patients within the first days after initiation of treatment. The mechanism for pain relief has been hypothesized to be due to the antioxidant properties of STS, which by restoring endothelial function can enhance endothelial nitric oxide production, promoting vasodilation and reducing pain (5). In our patients, the subcutaneous plaques, although still present, were reduced in size and became softer and less tender within weeks. Radiologic evidence of decreased calcification also was noted. However, only one of the patients had significant functional improvement in the mobility of the affected areas.
Conclusion
STS has not been proved by itself to resolve CUA, and in our experience, we cannot establish the relative contribution and the importance of each of the interventions (use of low-calcium dialysate, non-calcium-containing phosphate binders, and STS). However, in our patients, we believe that the rapid improvement in symptoms was due to the administration of intravenous STS. Still, CUA continues to be a devastating condition, particularly in dialysis patients, and the optimum treatment remains unclear. Although further studies are needed to determine its kinetics, optimum dosage, and duration of treatment, intravenous STS seems beneficial, has mild adverse effects, and is well tolerated in children and young adults with CUA.
